Characterizing the environmental fate of DvSnf7 double-stranded RNA (dsRNA) produced by MON 87411 maize (Zea mays L.) in Brazilian soils is a critical component to a comprehensive environmental risk assessment. This study shows that DvSnf7 dsRNA dissipated rapidly in tropical soils, with results comparable to those previously reported in soils from North America. These results suggest that dsRNA produced by maize MON 87411 is unlikely to persist in soil following cultivation in tropical environments.
P rotecting crops against insect damage is an increasing challenge in agriculture. The widely used Bacillus thuringiensis (Bt)-derived Cry proteins have been on the market for over 55 yr as insecticidal products, initially registered in the United States in 1961 in the form of microbial isolates for spray application (USEPA, 1998) . Despite its widespread adoption and use, challenges such as the potential development of insect resistance against existing Bt-based products support the need for development of novel and independent modes of action to control insect pests. Bayer Crop Science developed a biotechnology-derived maize (Zea mays L.), MON 87411, that confers protection against corn rootworm (Diabrotica spp.) and tolerance to the herbicide glyphosate (Bolognesi et al., 2012) . MON 87411 contains a suppression cassette that expresses an inverted repeat sequence designed to match the sequence of the Snf7 gene in western corn rootworm (Diabrotica virgifera virgifera) (Bachman et al., 2013) . The expression of the suppression cassette results in the formation of a double-stranded RNA (dsRNA) transcript containing a 240-bp fragment of the western corn rootworm Snf7 gene (DvSnf7). Upon consumption, the plant-produced dsRNA in MON 87411 is recognized by the corn rootworm's RNA interference (RNAi) machinery, resulting in downregulation of the targeted DvSnf7 gene and leading to corn rootworm mortality (Ramaseshadri et al., 2013) .
Given that Bt proteins have been commonly used for insect resistance in biotechnology-derived crops, the majority of environmental exposure studies have been aimed at determining the potential for persistence of Bt proteins in soil through laboratory and field studies. For example, laboratory studies have demonstrated that the Cry3Bb1 protein rapidly degrades in a range of soil types representative of maize-growing regions in North America (USEPA, 2010) .
This observation is consistent with field studies showing that Cry3Bb1, also produced by MON 87411, does not accumulate or persist in soil (Ahmad et al., 2005) . As has been the case with Bt proteins, using problem formulation in the context of current regulatory frameworks provides for a robust and thorough environmental risk assessment regarding exposure of RNA-based agricultural products to nontarget organisms (Casacuberta et al., 2015; Dubelman et al., 2014; ILSI-CERA, 2011; Roberts et al., 2015) . Using a DvSnf7specific QuantiGene assay in conjunction with a sensitive insect bioassay, Dubelman et al. (2014) demonstrated that DvSnf7 dsRNA degrades rapidly in diverse agricultural soils reaching 50% dissipation (DT 50 ) in several hours and was undetectable by either analytical method after 3 d.
For commercial release of genetically modified organisms and their derivatives in Brazil, current legislation requires applicants to conduct local environmental safety studies. The present study is an example of what is conducted to complete the environmental biosafety assessment. In addition, this study builds on the existing information for DvSnf7 dsRNA by characterizing the environmental fate of DvSnf7 dsRNA in two agriculturally relevant Brazilian soils from a tropical environment.
Materials and Methods

DvSnf7 Double-Stranded RNA
The 968 nucleotide DvSnf7 dsRNA was synthesized as described previously (Dubelman et al., 2014) .
Soil Sample Preparation and DvSnf7 Double-Stranded RNA Dosing
Two soil types characteristic of maize-growing regions in Brazil, sandy soil (Neossolo Quartzarênico [RQ]) and sandy clay soil (Latossolo Vermelho distrófico [LVd]), were collected in São Paulo and Rio Grande do Sul states, respectively, and characterized for pH and composition of organic matter, clay, silt, and sand. The two soil types were dried in a fume hood for 1 wk and sieved through a 2-mm screen to remove debris. Aliquots (1 g) of each soil type were amended with lyophilized and ground MON 87411 tissue (whole plant) expressing DvSnf7 dsRNA and fortified with 7.5 mg of DvSnf7 dsRNA diluted in 400 mL of 1× phosphate-buffered saline with Tween 20 (PBST) as this buffer background has been used previously for dsRNA storage as well as extraction (Dubelman et al., 2014) . Negative control vessels containing soil amended with near-isogenic conventional maize (whole plant) tissue were fortified with an 400 mL of 1× PBST. All samples were incubated under ambient conditions at room temperature, and analytical samples were collected at 14 predetermined time intervals, up to 96 h. After each collection, each sample was frozen and stored at -80°C until ready for analysis.
Samples Extraction and Purification
Samples were extracted and analyzed as previously described. Samples containing the sandy soil (RQ) were extracted with 1× PBST, pH 7. To enhance the analytical recovery of DvSnf7 dsRNA from sandy clay soil (LVd), samples were extracted with 1× PBST, pH 12. Alkaline conditions have previously been shown to aid in increased recovery of dsRNA from soils with high clay content while being amenable to detection in hybridization assays as well as maintaining functional activity (Dubelman et al., 2014; Fischer et al., 2016) . The extraction efficiencies were determined to be 73.6% in sandy clay and 37.2% in sandy soils calculated as a percentage of applied DvSnf7 dsRNA.
QuantiGene 2.0 Assay
The amount of DvSnf7 RNA in extracted samples was determined with a sequence-specific QuantiGene assay (Thermo Fisher Scientific) as previously described (Armstrong et al., 2013; Fischer et al., 2016) .
Statistical Analysis
The time periods required for DT 50 and DT 90 dissipation of the initial DvSnf7 dsRNA concentration in soil samples was performed as previously described (Fischer et al., 2016) .
Results and Discussion
The physicochemical characteristics for two representative soil types were evaluated before the study by determining pH and the percentage of organic matter, clay, silt, and sand. The analysis indicated that both soils have relevant differences: sandy soil is more alkaline (pH 7.0 vs. 5.7) and has a higher proportion of sand (88.2 vs. 49.7%) than the sandy clay soil, but it is lower in organic matter (5 vs. 22 g kg -1 ), clay (10.1 vs. 37.1%), and silt (1.7 vs. 13.2%) content (Table  1) .
The dissipation of DvSnf7 dsRNA presented a similar pattern in the sandy and sandy clay soil types, consisting of an initial period of no observable dissipation (<12 h), followed by a rapid decrease in concentration before reaching a plateau and no detection after 3 d ( Fig. 1; Table 2 ). This pattern is consistent with results showing that this DvSnf7 dsRNA dissipates rapidly in diverse soil types from agronomically representative locations in the United States (Dubelman et al., 2014) . DvSnf7 dsRNA was not detected in any negative control vessels at any sampling interval throughout the duration of the study. A logistic model was applied to the results to calculate dissipation rate estimates for DvSnf7 dsRNA in soil. The results from this analysis generated DT 50 values of approximately 17 h for sandy clay soil and 22 h for sandy soil (Table  3 ). Furthermore, DT 90 values were 39 and 50 h for sandy clay and sandy soil, respectively. These dissipation rate estimates are comparable to those observed when DvSnf7 dsRNA is exposed to temperate agricultural soils (DT 50 < 30 h) and suggest that the dissipation rate of dsRNA is largely independent of soil physical and chemical characteristics (Dubelman et al., 2014) .
While the scope of this study was to determine the rate of dissipation of applied DvSnf7 RNA to Brazilian soils, evidence further indicates that the applied DvSnf7 dsRNA is degraded following exposure to soil microcosms. The dsRNA is applied as a buffered aqueous solution and therefore likely has very low volatility under test conditions. Additionally, the treated soil samples were extracted in their entirety (e.g., not subsampled) to account for the total applied dsRNA. Multiple studies have shown that nucleic acids, including dsRNA, are rapidly degraded and metabolized in soil. For example, genomic DNA is rapidly fragmented by microbial type I endonuclease activity on contact with soil and then further degraded by microbial endonucleases (Blum et al., 1997) . This processing is presumably for the purposes of metabolism and uptake by soil microbial communities; this view is supported by the observation that bacterial populations increased by an order of magnitude following exposure to the applied genomic DNA in the study conducted by Blum and colleagues. Similar results were observed with RNA applied to soil, in which increased release of inorganic phosphorus in treated soils correlated with a relative increase in microbial counts (Greaves and Wilson, 1970) . Keown et al. (2004) demonstrated that application of DNA and RNA to soils resulted in increased nitrogen and CO 2 evolution, indicating rapid degradation of these molecules in the soil environment. Recent work by Parker et al. (2019) demonstrated that radiolabeled dsRNA has the capacity to adsorb to soil particles and is then rapidly degraded and incorporated into high molecular weight species, presumably by microbial metabolic processes, confirming that dsRNA exhibits similar properties to RNA and DNA with respect to degradation in the soil environment.
In this report, we have demonstrated that DvSnf7 dsRNA dissipates rapidly in two diverse tropical soils. The calculated DT 50 and DT 90 values were comparable to those previously reported for three diverse soils, including silt loam, loamy sand, and clay loam soils, indicating that the rapid dissipation of dsRNA is largely independent of soil physical characteristics. Thus, DvSnf7 dsRNA is unlikely to persist or accumulate in temperate or tropical soils where maize is typically cultivated. This further suggests that the environmental fate results for DvSnf7 dsRNA obtained in temperate soils can be generalized to soils in other climates or geographical regions. Fig. 1. DvSnf7 double-stranded RNA (dsRNA) dissipates rapidly in tropical soils. Soil samples were amended with lyophilized maize tissue and then fortified with 7.5 mg DvSnf7 dsRNA g −1 soil. The mean relative DvSnf7 dsRNA concentration at each sampling interval was plotted as the percentage of initial concentration (n = 3). <PQL <PQL † The concentration of DvSnf7 dsRNA declined rapidly following incorporation in soil as determined by a QuantiGene assay. The values reported are the mean of three independent replicates ± SD. ‡ PQL represents the practical quantitation limit for the Quantigene assay in this study and is 0.25 mg DvSnf7 dsRNA g −1 soil. 
